-Obesity-induced vascular dysfunction involves pathological remodeling of the visceral adipose tissue (VAT) and increased inflammation. Our previous studies showed that arginase 1 (A1) in endothelial cells (ECs) is critically involved in obesity-induced vascular dysfunction. We tested the hypothesis that EC-A1 activity also drives obesityrelated VAT remodeling and inflammation. Our studies utilized wildtype and EC-A1 knockout (KO) mice made obese by high-fat/highsucrose (HFHS) diet. HFHS diet induced increases in body weight, fasting blood glucose, and VAT expansion. This was accompanied by increased arginase activity and A1 expression in vascular ECs and increased expression of tumor necrosis factor-␣ (TNF-␣), monocyte chemoattractant protein-1 (MCP-1), interleukin-10 (IL-10), vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1) mRNA and protein in both VAT and ECs. HFHS also markedly increased circulating inflammatory monocytes and VAT infiltration by inflammatory macrophages, while reducing reparative macrophages. Additionally, adipocyte size and fibrosis increased and capillary density decreased in VAT. These effects of HFHS, except for weight gain and hyperglycemia, were prevented or reduced in mice lacking EC-A1 or treated with the arginase inhibitor 2-(S)-amino-6-boronohexanoic acid (ABH). In mouse aortic ECs, exposure to high glucose (25 mM) and Na palmitate (200 M) reduced nitric oxide production and increased A1, TNF-␣, VCAM-1, ICAM-1, and MCP-1 mRNA, and monocyte adhesion. Knockout of EC-A1 or ABH prevented these effects. HFHS diet-induced VAT inflammation is mediated by EC-A1 expression/activity. Limiting arginase activity is a possible therapeutic means of controlling obesity-induced vascular and VAT inflammation.
We tested the hypothesis that EC-A1 activity also drives obesityrelated VAT remodeling and inflammation. Our studies utilized wildtype and EC-A1 knockout (KO) mice made obese by high-fat/highsucrose (HFHS) diet. HFHS diet induced increases in body weight, fasting blood glucose, and VAT expansion. This was accompanied by increased arginase activity and A1 expression in vascular ECs and increased expression of tumor necrosis factor-␣ (TNF-␣), monocyte chemoattractant protein-1 (MCP-1), interleukin-10 (IL-10), vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1) mRNA and protein in both VAT and ECs. HFHS also markedly increased circulating inflammatory monocytes and VAT infiltration by inflammatory macrophages, while reducing reparative macrophages. Additionally, adipocyte size and fibrosis increased and capillary density decreased in VAT. These effects of HFHS, except for weight gain and hyperglycemia, were prevented or reduced in mice lacking EC-A1 or treated with the arginase inhibitor 2-(S)-amino-6-boronohexanoic acid (ABH). In mouse aortic ECs, exposure to high glucose (25 mM) and Na palmitate (200 M) reduced nitric oxide production and increased A1, TNF-␣, VCAM-1, ICAM-1, and MCP-1 mRNA, and monocyte adhesion. Knockout of EC-A1 or ABH prevented these effects. HFHS diet-induced VAT inflammation is mediated by EC-A1 expression/activity. Limiting arginase activity is a possible therapeutic means of controlling obesity-induced vascular and VAT inflammation.
arginase; endothelial cell activation; inflammation; macrophage; obesity OBESITY IS A MAJOR risk factor for the development of type 2 diabetes (21) and cardiovascular disease. Diabetes and obesityinduced vascular dysfunctions are characterized by an array of blood flow reducing pathologies, including impaired vasorelaxation, increased stiffening, and microvascular rarefaction (2, 6, 15, 22, 24, 37, 42, 46) . In obesity and type 2 diabetes, excessive accumulation of adipose tissue is strongly associated with macrophage infiltration and chronic low-grade inflammation (45, 48) . Obesity-induced inflammation is thought to result from pathological expansion and fibrosis of visceral adipose tissue (VAT) (29) in a context of vascular rarefaction and reduced blood flow, leading to hypoxia, adipocyte death, and activation of resident immune cells, which release inflammatory mediators. Inflammatory macrophages are a major source of reactive oxygen species (ROS) and proinflammatory cytokines. Hypoxia, ROS, and inflammatory cytokines all contribute to elevated expression and activity of the urea hydrolase enzyme arginase (6, 20, 44, 52) . Previous studies in models of obesity have shown that activity of arginase plays a critical role in the inflammatory process (17, 19) .
Arginase, which catalyzes the hydrolysis of L-arginine to urea and L-ornithine, has been implicated in many cardiovascular diseases, including diabetes (37) . Arginase can reciprocally regulate production of nitric oxide (NO) by NO synthase (NOS) through competition for their common substrate, L-arginine (33, 37) . Elevated arginase activity can reduce NO production by NOS, and uncouple NOS, causing it to produce more ROS (superoxide and peroxynitrite) (28) . This process can further activate arginase and other ROS generators resulting in a feed forward exacerbation of the oxidative stress (6, 32) . There are two arginase isoforms: arginase 1 (A1), cytoplasmic and highly expressed in the liver, and arginase 2 (A2), largely mitochondrial, and the primary renal isoform. Both are found in vascular tissue. A1 also is found in anti-inflammatory M2-like macrophages involved with reparative functions (27) , and A2 is reported to be present in proinflammatory and cytotoxic M1-like macrophages (50) . Obesity and type 2 diabetes can induce vascular inflammation and dysfunction in several animal models, such as Zucker obese and diabetic rats (19, 31) and db/db mice (35) . Arginase was shown to be involved in the vascular dysfunction of Zucker obese rats (19) . A previous study of mice fed a high-fat/high-sucrose (HFHS) diet for 6 mo demonstrated vascular endothelial dysfunction, reduced NO levels, and enhanced vascular fibrosis and stiffness, as well as increased vascular and systemic oxidant stress and elevated arginase expression/activity in a condition of obesity and hyperglycemia. Specific absence of A1 in endothelial cells (ECs) or treatment with an arginase inhibitor prevented all of these developments except obesity and hyperglycemia (4). Our present study was performed to assess the involvement of endothelial expression of A1 in obesity-induced inflammation and pathological remodeling of the VAT. We hypothesized that VAT dysfunction is selectively driven by A1-mediated EC dysfunction, which subsequently leads to VAT inflammation, fibrosis, and related vascular pathologies.
MATERIALS AND METHODS
Animals. Animal protocols were approved by the Institutional Animal Care and Use Committee at Augusta University. Male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were used. The mice were either wild-type (WT) or those with an EC-specific knockout of A1 (EC-A1 Ϫ/Ϫ . Groups of WT mice on ND or HFHS diet also were treated with the arginase inhibitor 2-(S)-amino-6-boronohexanoic acid (ABH) at a dose of 10 mg·kg Ϫ1 ·day Ϫ1 in the drinking water starting 1 mo after the beginning the diets and continuing for 5 mo. Body weight and blood/urine glucose levels of each mouse were measured every 2 wk until experiments were performed. Animals were housed in 12-h light-dark cycle and had free access to food and water throughout the study. After 6 mo on the HFHS or ND, animals were anesthetized with ketamine HCl (100 mg/kg) and xylazine (10 mg/kg ip). When adequacy of anesthesia was reached as indicated by the disappearance of pedal withdrawal reflex, blood was collected, and aorta tissue and epididymal VAT were harvested and placed in PBS.
Measurement of ABH in plasma samples. For calibration, ABH was mixed with blank plasma and incubated with gentle shaking at 37°C for 1 h. Acetonitrile was added to plasma in a 3:1 volume ratio, and the mixture was vortexed for 1 min and then centrifuged at 14,000 rpm for 20 min at 4°C to extract the ABH and remove proteins. The acetonitrile was passed through a 0.22-m filter and assayed. Samples from WT mice given ABH for 5 mo were processed in the same manner.
ABH in plasma was detected by HPLC (SHIMADZU LC-30AD) with an evaporative light-scattering detector (Alltech 6000). The mobile phase comprised 0.1% trifluoroacetate acid (solution A) and acetonitrile (solution B) by using gradient elution of solution B from 5 to 60% (vol/vol) over 20 min, and the flow rate was 1 ml/min. The stationary phase was a C18 reverse-phase column (250 ϫ 4.6 mm, 5 m; LabChrom). The nitrogen flow rate was 0.5 l/min, The retention time of the ABH standard was 4.25 min.
WT mice given ABH at a dose rate of 10 mg·kg Ϫ1 ·day Ϫ1 in the drinking water for 5 mo exhibited an average ABH plasma concentration of 0.27 Ϯ 0.02 mmol/l (n ϭ 6). ABH inhibits both isoforms arginase (1, 2) with similar potencies and would inhibit both at this concentration (5) .
Isolation of ECs from aorta of HFHS and ND-fed mice. Whole aorta tissue was excised and perfused with 1 ml of PBS containing 1,000 U/ml of heparin to remove the blood. The fat or connecting tissue was rapidly removed and a 24-gauge cannula was inserted into the proximal portion of the aorta. After ligation of that site with silk thread, the lumen was briefly washed with serum-free DMEM. The other end was filled with collagenase type II solution (2 mg/ml, in serum-free DMEM) and closed with silk thread. After incubation for 45 min at 37°C, ECs were removed by flushing the aortic lumen with 5 ml of DMEM containing 20% FBS and then centrifuged at 1,200 rpm for 5 min. Flushed cells were purified by Dynabeads FlowComp Flexi (Invitrogen) with CD31 antibody (Thermo Scientific).
ELISA method for measurement of protein levels. Total proteins were extracted by RIPA buffer from isolated aortic ECs. After centrifugation, protein pellets were collected. After dilutions, the final protein concentration of samples was 3 mg/ml. Samples were assayed with the following ELISA kits: TNF-␣ (EMC102a; Neobioscience, Guangdong, China), monocyte chemoattractant protein-1 (MCP-1; EMC113; Neobioscience), IL-10 (EMC005; Neobioscience), ICAM1 (CD54; ab100688; Abcam), and VCAM1 (ab100750; Abcam).
Isolation of stromal vascular fraction. Epididymal adipose tissue was excised, rinsed in saline, minced, and digested with collagenase (Roche) at 37°C for1 h. Tissue was washed with HEPES-DMEM buffer (15 mM HEPES, 10 mg/ml fatty acid-poor BSA, and 0.5 mM CaCl 2) and centrifuged at 1,500 rpm for 5 min. Collected tissues were incubated in 1ml collagenase HEPES-DMEM (collagenase concentration of 1 mg/ml) at 37°C for 1 h. The suspension was filtered through 10-m filters and centrifuged at 1,500 rpm for 5 min at room temperature. The cellular pellets of stromal vascular fraction (SVF) were used for the experiments.
Quantitative reverse transcription-PCR. Total RNA from the aorta and the SFV of the VAT was isolated using TRIzol reagent (Invitrogen). Total RNA was reverse transcribed with Moloney murine leukemia virus reverse transcriptase (Invitrogen) to generate cDNA. Gene expression was determined by quantitative PCR with SYBR Green Dye Gene Expression Assays (for TNF-␣, IL-10, VCAM-1, ICAM-1, and MCP-1) or TaqMan Gene Expression Assays (for A1; Applied Biosystems), which was performed on a StepOne Plus thermocycler (Applied Biosystems). Primer sequences are presented in Table 1 . The cycle threshold, determined as the initial increase in fluorescence above background, was determined for each sample. Hypoxanthine phosphoribosyl transferase was used as internal control in the PCR reaction for normalization of assays. Morphometric analysis of VAT. Freshly dissected epididymal VAT was excised from mice and placed in paraformaldehyde (4%) over- Table 1 . Primer sequences for expression of genes
MCP-1, monocyte chemoattractant protein-1.
night before being washed and placed in 70% EtOH for short storage. The VAT was then embedded in paraffin and cut into 5-m sections for histochemical analysis. Sections were stained with Massontrichrome for analysis of collagen levels (fibrosis) and determination of adipocyte size. Sections also were stained for ECs (Isolectin B4; ThermoFisher) marker or macrophage (mouse MAC-2 antibody; Accurate Chemical & Scientific). Crown-like structures (macrophage around degenerating adipocytes) were quantified (5 images/group). EC culture and treatments. Mouse aortic endothelial cells (MAECs) were purchased from Cell Applications (San Diego, CA), cultured in mouse aortic EC growth medium (Cell Applications), and maintained in a humidified atmosphere at 37°C and 5% CO 2. All experiments were performed with cells from passage 4 -8. The L-arginine and serum concentrations were adjusted before treatment using M-199 media (Invitrogen) containing 0.2% FBS, 50 M L-arginine, 100 U/ml penicillin, 100 g/ml streptomycin, and L-glutamine. This L-arginine concentration (50 M) is comparable to normal plasma arginine levels (40 -100 M). MAECs were exposed to media containing either normal glucose concentration (NG; 5.5 mM) and BSA or high-glucose concentration (HG; 25 mM) and BSA-conjugated palmitate (PA; 200 M) for 48 h. Cells were treated with the arginase inhibitor ABH (100 M) for 1 h before the HG ϩ PA treatment.
CRISPR/Cas target sites and vector construction. CRISPR target sites were identified using http://crispr.mit.edu/ as described previously (36) . The small guide RNA (sgRNA) sequence for A1 was as follows: GTATGACGTGAGAGACCACG. To construct CRISPR/ Cas plasmids for AI targeting, sgRNA oligos were synthesized by Invitrogen and cloned into pX330 (Addgene: plasmid no. 42230) vector. This product is pX330-sgARG1. We followed the Zhang laboratory protocol (https://www.addgene.org/crispr/zhang/).
Transfection of MAECs with A1 sgRNA. MAECs were transfected with CRISPR/Cas plasmid pX330-sgARG1 [single-guide (sg)RNA] or control plasmid pX330 using Gene Pulser electroporation buffer reagent (Bio-Rad), according to the manufacturer's instructions. In brief, cells were transfected with 100 nmol/l of plasmids for 5 h by Gene Pulser X cell electroporation system. Transfected cells were collected and cultured for monocyte adhesion studies described below.
NO production. Production of NO was measured using a Sievers 280i NO Analyzer. Fresh control or treated media (1 ml) were applied to MAEC cultures (6-well plates) and collected after 48 h of exposure. Aliquots were injected in glacial acetic acid containing sodium iodide in the reaction chamber. NO 2 Ϫ is quantitatively reduced to NO under these conditions, which was quantified by a chemiluminescence detector after reaction with ozone. Addition of the NOS inhibitor nitro-L-arginine methyl ester (L-NAME; 100 M) to control cultures reduced NO production by~90%.
Western blot. Lysates from MAEC homogenates (20 g protein) were subjected to electrophoresis on 10% SDS-polyacrylamide gels. Proteins were electroblotted onto PVDF membranes (Millipore). The blots were blocked with 5% BSA (BSA Fraction V; OmniPur) in TBST (0.2% Tween 20 in 1ϫ Tris-buffered saline). Membranes were incubated with primary antibodies [anti-A1, 1:10,000 (kind gift of Dr. Sidney M. Morris, Jr., University of Pittsburgh), Aves Laboratories, Tigard, OR; and anti-␤-actin, 1:4,000, Sigma-Aldrich] prepared in 5% BSA solution overnight at 4°C, washed (3ϫ TBST), and incubated in secondary antibodies conjugated with horseradish peroxidase for 1 h at room temperature. Signals were detected using chemiluminescence and analyzed using densitometry.
Arginase activity assay. MAECs were frozen in liquid nitrogen and then pulverized in lysis buffer (50 mM Tris·HCl, 0.1 mM EDTA, and EGTA, pH 7.5) containing protease inhibitors. The resultant lysate was subjected to three freeze-thaw cycles and centrifuged at 14,000 rpm for 10 min. The supernatant was collected. Arginase activity was measured by colorimetric determination of urea formed from L-arginine as previously described (9) . Briefly, the supernatant fraction (25 l) was heated with 25 l MnCl 2 (10 mM, 10 min, 56°C) to activate arginase. The mixture was then incubated with 50 l of 0.5 M L-arginine (pH 9.7) at 37°C for 1 h. The reaction was stopped by adding acid; the solution was then heated at 100°C with 25 l ␣-isonitroso-propiophenone (9% ␣-ISPF in ethanol) for 45 min. Samples were kept in the dark at room temperature for 10 min, and absorbance was then measured at 540 nm. Enzyme activity was normalized to the amount of protein assessed by Bradford protein assay.
Monocyte EC adhesion assay. MAECs (8 ϫ 10 4 -12 ϫ 10 4 /well) were seeded in 12-well flat-bottom plates and maintained for 24 h (until 80% confluent), followed by incubation with HG ϩ PA or NG media for 48 h. After the treatment, media were removed by being washed with PBS and human monocytes (2.5-5 ϫ 10 5 /well-THP-1 cell line; ATCC, Manassas, VA) were added to MAECs after being stained with calcein AM (0.5 ul in 1 ml serum free medium) in the dark, 37°C for 30 min. The cells were allowed to adhere at 37°C for 45 min in PBS. Nonadherent cells were removed by being washed with PBS three times. Monocytes adhering on the endothelial surface (5 fields per culture) were counted under the microscope.
Drugs and chemicals. The arginase inhibitor ABH was a kind gift from Corridor Pharmaceuticals (Baltimore, MD). Sodium palmitate was purchased from Sigma-Aldrich (CAS No. 408-35-5). L-NAME (HCl) was purchased from Cayman Chemical (CAS No. 51298-62-5).
Statistical analysis. Data are presented as means Ϯ SE. Statistical analysis was performed using ANOVA with a Tukey posttest. P Ͻ 0.05 was taken as significant. These analyses were performed using GraphPad Prism, version 4.00 (GraphPAD Software).
RESULTS

Effects of arginase inhibition or A1 deletion in ECs on
diet-induced obesity. After 6 mo of HFHS feeding, WT mice had significant increases in body weight and fasting blood glucose levels as compared with ND-fed mice (52 Ϯ 2 vs. 38 Ϯ 1 g and 11.2 Ϯ 0.9 vs. 6.2 Ϯ 0.2 mmol/l, respectively). The effects of HFHS diet on weight gain and hyperglycemia were not altered by treatment with the arginase inhibitor ABH (10 mg·kg Ϫ1 ·day Ϫ1 in drinking water) or deletion of A1 in ECs. The HFHS diet also significantly increased the epididymal fat pad weight as a percentage of body weight similarly in WT and A1 con mice as compared with ND-fed controls (from 3.5 to 6%, Table 2 ). This effect also was not altered by arginase inhibition or lack of EC-A1. The plasma level of ABH in WT mice on the ND was 0.27 Ϯ 0.02 mmol/l after 5 mo of daily administration (see MATERIALS AND METHODS).
Our prior study showed that the HFHS diet induced an elevation of aortic arginase activity and expression of A1 in mice with intact EC-A1, but these effects were prevented in mice treated with ABH or lacking EC-A1 (4). Our present study shows a similar pattern of responses in aortic ECs isolated from mice in the same treatment groups. Arginase 1 mRNA and arginase activities were increased in ECs isolated from WT and A1 con mice after HFHS diet feeding. Arginase 1 mRNA and arginase activity were not altered by the HFHS diet in ECs from mice treated with ABH or lacking EC-A1 (Fig. 1) .
Effects of arginase inhibition or endothelial A1 deletion on expression of cytokines, chemokines, and adhesion molecules.
Expression of cytokines and chemokines is critical for the activation and attraction of immune cells to sites of inflammation (1). After 6 mo of HFHS feeding, protein or mRNA levels of the proinflammatory cytokine TNF-␣ and the chemokine MCP-1 were significantly increased in ECs isolated from aorta (Fig. 2, A and B) and SVF of VAT (Fig. 3, A and B) from wild-type and genetic control (A1 con ) mice, as compared with mice fed the ND. HFHS diet also raised protein or mRNA levels for the anti-inflammatory cytokine IL-10, commonly induced in response to inflammation, in isolated ECs (Fig. 2C and SVF (Fig. 3C ). Treatment with ABH or deletion of A1 in vascular ECs blocked or partially prevented all of these elevations. Expression of vascular adhesion molecules is necessary for monocyte attachment to the vascular endothelium and infiltration into the surrounding tissue (8) . Both protein or mRNA levels for VCAM-1 and ICAM-1 were significantly increased in isolated ECs (Fig. 2, D and E) or SVF (Fig. 3, D and E) from HFHS treated WT and A1 con mice, respectively. The HFHSinduced increases in VCAM-1 and ICAM-1 protein and mRNA expression were all largely prevented by ABH treatment or by A1 deletion in ECs. Protein and mRNA levels of these vascular adhesion molecules and cytokines were not altered in the aortic ECs, VAT, or SVF of mice on the ND given ABH or lacking EC-A1 (Figs. 2 and 3) .
Effects of arginase inhibition or A1 deletion in ECs on circulating inflammatory monocytes and macrophage infiltration.
An increase in the levels of circulating, activated monocytes is also an indicator of vascular inflammation (53) . To evaluate this inflammatory response in HFHS mice, we used flow cytometry to determine the percentage of circulating white cells with high levels of Ly6C. Ly6C is a glycoprotein expressed mainly in monocytes and can be used to distinguish between inflammatory monocytes (Ly6C high ) and patrolling monocytes (Ly6C low ). During inflammation, Ly6C high monocytes are preferentially recruited into the inflamed tissue, where the majority mature as inflammatory M1-like macrophages (49) .The percentage of Ly6C high inflammatory monocytes was significantly increased in the blood of HFHS treated WT and A1 con mice (Fig. 4, A-D) . This elevation in inflammatory monocytes was prevented by ABH treatment or by deletion of A1 in ECs.
To determine the effect of HFHS on the accumulation of monocytes/macrophages in the VAT, we used flow cytometry to determine the percentage of macrophages (F4/80 high cells) within the SVF. In HFHS-fed WT and A1 con mice, the number of macrophages in the SVF was markedly increased above levels in ND mice (Fig. 4, E-H) . ABH treatment or deletion of endothelial A1 largely prevented this rise.
We further examined the phenotypes of the SVF cells with antibodies against the integrin CD11c and the mannose receptor CD206. CD11c is highly expressed in proinflammatory M1-like macrophages, whereas CD206 is highly expressed in anti-inflammatory M2-like macrophages (13, 23) . HFHS diet caused a five-to sixfold increase in the percentage of M1-like macrophage as compared with ND WT and A1 con control mice (Fig. 5, A, B, D, and E) . On the other hand, HFHS feeding caused a similar reduction in the percentage of M2-like macrophage (Fig. 5, A, C, D, and F) . These alterations were partially blocked by ABH treatment or deletion of A1 in ECs. These results suggest that arginase activity and A1 expression in ECs play a major role in inflammatory reactions in both vascular and adipose tissue.
Effects of HFHS diet on adipocyte size, collagen deposition, and capillary density in VAT. As stated earlier, obesity-induced inflammation is thought to result from pathological expansion and fibrosis of the VAT in a context of vascular rarefaction and reduced blood flow, leading to hypoxia, adipocyte death, and activation of resident immune cells, which release inflammatory mediators. Our morphometric analysis of VAT showed that in A1 con mice, the HFHS diet caused adipocyte hypertrophy, collagen deposition/fibrosis, and macrophage infiltration with formation of "crown-like" structures around the degenerating adipocytes, along with decreased capillary density (Fig.  6, A-C) versus ND controls. These effects of HFHS were prevented or blunted in mice lacking EC-A1 (Fig. 6D) .
Effects of high-glucose/palmitate treatment on arginase expression/activity and NO production and inflammatory reactions in ECs. We examined potential mechanisms underlying the effects of HFHS diet-induced increases in arginase activity, A1 expression, NO production, and inflammatory reactions in vascular ECs by studies using MAECs maintained for 48 h in media containing 25 mM glucose and 200 M palmitate (HG ϩ PA). To assess the specific role of A1 in HG ϩ PA-induced alterations, we used CRISPR/Cas 9-transduction of sgRNA to reduce A1 expression.
The HG ϩ PA treatment increased levels of A1 mRNA and protein expression in normal and vector-transduced MAECs (Fig. 7, A-C) . These elevations were not altered by ABH treatment (Fig. 7, A and B) . However, A1 sgRNA transfection significantly inhibited the HG ϩ PA-induced increase in A1 mRNA and protein expression compared with the vector transfection group. (Fig. 7, A and C) . Arginase activity was also significantly increased by HG ϩ PA treatment (Fig. 7D) . This increase in arginase activity was accompanied by a marked decrease in NO production (Fig. 7E) . Both ABH and A1-sgRNA transfection significantly blocked the HG ϩ PA-induced increase in arginase activity (Fig. 7D) .
Consistent with the decrease in arginase activity, both ABH and A1 knockdown prevented the HG ϩ PA-induced reduction in NO production (Fig. 7E) . Treatment with the NOS inhibitor L-NAME (100 M) prevented the protective effect of ABH and A1 knockdown in maintaining production of NO in cells exposed to HG ϩ PA (Fig. 7E) . In control cultures, L-NAME reduced NO production levels by~90% (from 18.3 Ϯ 1.9 to 2.0 Ϯ 0.3 pM, control vs. control ϩ L-NAME). The higher NO levels in cultures exposed to high-glucose/palmitate ϩ L-NAME are likely due to elevated inducible NOS (NOS-2), which is induced by inflammatory cytokines and far less sensitive to L-NAME than endothelial NOS (40). We also examined the effects of the HG ϩ PA treatment on EC inflammatory reactions as shown by expression of vascular adhesion molecules, chemokines, and cytokines and whether the inhibition of arginase activity or A1 knockdown can prevent this activation by regulating NO production. Quantitative RT-PCR analysis showed that HG ϩ PA treatment increased levels of mRNA for ICAM-1, VCAM-1, and MCP-1 compared with normal control media (Table 3) . ABH treatment or A1 knockdown prevented or blunted all of these increases. Pretreatment with L-NAME (100 M) blocked these protective effects of ABH treatment or A1 knockdown, demonstrating the critical role of NOS activity in producing NO in limiting activation of EC inflammation. The mRNA levels of the proinflammatory cytokine TNF␣ and the anti-inflammatory cytokine IL-10 also were significantly increased by HG ϩ PA treatment as compared with normal control media. However, neither arginase inhibition nor A1 knockdown altered this rise (Table 4) .
Adhesion of circulating monocytes to ECs is a critical step in early stages of inflammation and macrophage infiltration. To assess the roles of arginase activity and A1 expression in this process, we added cultured monocytes to ECs maintained in HG ϩ PA or control media. Our analysis showed that, consistent with the HG ϩ PA-induced expression of vascular adhesion molecules, monocyte adhesion to HG ϩ PA-treated ECs also was increased compared with cells maintained in the normal media (Fig. 8) . This increased monocyte adhesion was blocked by either ABH treatment or A1-sgRNA transfection of MAECs. Moreover, cotreatment with L-NAME prevented these protective effects, suggesting that the HG ϩ PA-induced monocyte EC adhesion is mediated by the action of A1 in decreasing NO production.
DISCUSSION
Increasing evidence indicates that conditions of obesity and type 2 diabetes are highly associated with a chronic inflammatory response characterized by high levels of circulating proinflammatory cytokines and fatty acids and vascular inflammation (3, 38) . Downregulation of vascular NO production and excessive ROS formation are considered prime factors in the process of vascular inflammation and dysfunction (18) . Previous studies have reported that elevation of arginase activity is highly associated with this imbalance in vascular NO and ROS levels (37) . Our recent studies of HFHS diet-fed mice have further demonstrated that deletion of A1 in vascular ECs or arginase inhibitor treatment effectively prevents vascular endothelial dysfunction by reducing ROS and maintaining levels of NO (4) . In the present report, we demonstrate for the first time the key role of arginase activity and endothelial A1 expression in HFHS diet-induced inflammation and pathological remodeling of the VAT. During the progression of inflammation, the activated vascular endothelium responds to the compromised circulation by recruiting circulating monocytes through increased release of the chemoattractant protein MCP-1 and upregulation of adhesion proteins ICAM-1 and VCAM-1 on its luminal surface. This induces leukocyte attraction, attachment to the vessel wall, and transmigration into the underlying tissue (8, 10, 16 ). An important mechanism involved in HFHS diet-induced vascular inflammation and vasculopathy is reduced NO levels. A recent study has shown the involvement of NADPH oxidase, ROS, and TNF-␣ in the reduction of NO levels in mice fed a similar HFHS diet (34) . NO has integral roles in limiting many aspects of inflammatory responses. Endothelial NO prevents activation of the endothelium and thus reduces the adhesion, infiltration, and transmigration of circulating inflammatory immune cells into the vascular wall (41) . Both EC-derived NO and NO donors have been shown to inhibit endothelial expression of MCP-1, ICAM-1, and VCAM-1 (11, 51) . Our present findings support these reports on the role of NO is suppressing this inflammatory process.
Our study also found that the HFHS-induced increases in VCAM-1, ICAM-1, and MCP-1 expression in both vascular ECs and VAT were accompanied by elevated arginase activity and A1 expression in vascular ECs. These increases in inflammatory mediators were all blunted by ABH or lack of A1 in ECs, indicating involvement of vascular arginase in this pa- thology. The dominant role of endothelial NOS function in controlling vascular inflammation may explain why the specific deletion of the endothelial A1 gene is so effective in limiting HFHS-induced inflammation. Circulating inflammatory monocytes with high levels of the Ly6C (Ly6C high ) are preferentially recruited to inflamed tissue and are considered to be more likely to mature as an M1-like macrophage. The release of these LyC6 high monocytes from bone marrow can be enhanced by chemokines emanating from inflamed tissue and by their increased egress across the activated bone marrow capillary endothelium (39, 49) . We observed that the HFHS diet substantially increased levels of these monocytes and that arginase activity and endothelial A1 are involved in this inflammatory process.
Macrophage infiltration into adipose tissue and release of proinflammatory cytokines such as TNF␣ are integral to obesity-related inflammation (14, 25, 45, 48) . In obesity and diabetes, adipose tissue is infiltrated with large numbers of macrophages, which can comprise up to 40% of the cells within adipose tissue (45, 48) . The inflammatory (M1-like) macrophage is the predominant phenotype in obesity-induced inflammation of the VAT (26, 30) . Our study showed marked infiltration of M1-like macrophage along with increased levels of TNF-␣ mRNA in the VAT of HFHS-fed mice. This was associated with a reduction in the M2-like macrophages. Inhibition of arginase or lack of endothelial A1 markedly reduced these alterations, underscoring the role of EC-A1 in the pathological process.
The HFHS diet-induced increases in macrophage activation and infiltration of the VAT were accompanied by signs of pathological remodeling, including adipocyte hypertrophy, increased collagen deposition/fibrosis, decreased capillary density, and formation of numerous "crown-like" structures comprised of macrophages surrounding degenerating adipocytes. These alterations were prevented or significantly inhibited by deletion of A1 in the vascular ECs, further supporting the specific involvement of endothelial A1 in the pathology.
Our experiments with cultured mouse aortic ECs maintained in high-glucose-palmitate media confirmed the critical role of EC expression of A1 in limiting NO production and inducing EC activation and monocyte attachment. Downregulation of A1 expression and activity with sgRNA markly improved NO production; decreased MCP-1, ICAM-1, and VCAM-1 expression; and inhibited monocyte adhesion in cells exposed to the high-glucose-palmitate media. Treatment with the NOS inhibitor L-NAME effectively prevented each of the beneficial effects. These observations indicate that the anti-inflammatory and antiadhesive effects of arginase inhibition and A1 knockdown are mediated through maintenance of endothelial NO levels, via a reduction in arginase activity.
In closing, HFHS diet-induced obesity and type 2 diabetes in mice is characterized by endothelial activation, vascular inflammation, and increased levels of circulating inflammatory monocytes along with VAT fibrosis, vascular rarefaction, and increased infiltration by inflammatory M1-like macrophage. Inhibition of arginase or deletion of endothelial A1 prevented or markedly reduced these changes. ECs exposed to high glucose and palmitate exhibited an inflammatory phenotype and impaired NO synthesis that were prevented by arginase inhibition of A1 downregulation. These findings imply a primary role for EC-A1 in obesityinduced inflammation and VAT dysfunction. Values are means Ϯ SE; n ϭ 5 experiments. mRNA levels of TNF-␣ and IL-10 in MAECs with and without arginase inhibitor (ABH) or ARG1 knockdown by CRISPR/Cas 9 transduction of sgRNA after 48 h incubation in normal media (CTRL) or media containing high glucose and palmitate (HG ϩ PA). *P Ͻ 0.05 vs. CTRL vehicle or vector-transfected groups. 
CTRL
Perspectives and Significance
Storage of fat in adipose tissue is an extremely important protective source of energy to prevent or delay starvation when food is unavailable. However, as levels of physical activity have fallen and abundance of food has risen in many cultures, obesity and type 2 diabetes have become a growing global health problem. According to the World Health Organization, in 2014~600 million people worldwide were chronically obese and many had type 2 diabetes; the GBD 2015 Obesity Collaborators reported an even greater prevalence (13a, 47) . The prevailing hypothesis in the field is that obesity-induced metabolic disease and cardiovascular dysfunction are secondary to inflammation and pathological remodeling of VAT in the context of vascular rarefaction and limited blood flow, adipocyte death, and immune cell activation (29) . Obesity-induced type 2 diabetes has been increasingly recognized as an inflammatory disease, involving high circulating and tissue levels of proinflammatory cytokines and fatty acids (43) . Our current results support the hypothesis that VAT dysfunction is driven by an A1-mediated vascular endothelial dysfunction, which subsequently leads to enhanced VAT inflammation, fibrosis, and related vascular pathologies. It should be noted, however, that since systemic inhibition of arginase is generally more effective than EC-A1 deletion in preventing these pathologies, arginase in other cells is also likely to be involved.
